W e recently reported that knocking down the enzyme phosphatidylserine decarboxylase, which synthesizes the phospholipid phosphatidylethanolamine (PE) in mitochondria, perturbs the homeostasis of the human Parkinson disease (PD) protein a-synuclein (expressed in yeast or worms). In yeast, low PE in the psd1D deletion mutant induces a-synuclein to enter cytoplasmic foci, the level of this protein increases 3-fold compared to wild-type cells, and the mutant cells are severely sick. The metabolite ethanolamine protects both yeast and worms from the deleterious synergistic effects of low mitochondrial PE and a-synuclein. Here we highlight a Drosophila mutant called easily shockedthought to be a model of epilepsy-that cannot use ethanolamine to synthesize PE. We also highlight recently identified mutated genes associated with defective lipid metabolism in PD and epilepsy patients. We propose that disruptions in lipid homeostasis (synthesis and degradation) may be responsible for some cases of PD and epilepsy.
PD is a devastating disease that affects 1-2% of the population over 65 y of age. Because the costs associated with caring for PD patients will skyrocket as our population ages, we need early biomarkers that can identify at-risk individuals, who can then be treated with novel therapeutics that halt neurodegeneration before symptoms emerge. The main culprit in this disease is thought to be the protein a-synuclein.
1 Aging-for unknown reasons-triggers a-synuclein to transform from a non-toxic conformation into a toxic one. The toxic conformation kills the host neurons and then spreads to neighboring healthy neurons. 2 How a-synuclein changes conformations, kills, and spreads are the subjects of intense investigations. We believe that changes in the cellular level of PE may be the triggering factor that converts a-synuclein into a toxic protein.
PE is Synthesized in Mitochondria and in the Endoplasmic Reticulum
The enzymes that synthesize PE in yeast, worms, and flies have mammalian counterparts. 3, 4 First, lodged in the inner membrane, the enzyme phosphatidylserine decarboxylase converts phosphatidylserine to PE (Fig. 1) . PE synthesized in mitochondria can spread via mitochondrial associated membranes to other cellular compartments. 5 Second, the Kennedy pathway consists of 3 enzymes that convert the metabolite ethanolamine into PE; the last enzyme in this pathway is embedded in the membranes of the endoplasmic reticulum (ER) (Fig. 1) . In some cells phosphatidylserine decarboxylase may synthesize most of the PE, whereas in other cells the Kennedy pathway may synthesize the most of the PE.
Low Mitochondrial PE Induces ER Stress and a-synuclein Enters Cytoplasmic Foci; Ethanolamine Rescues
We found that the psd1D deletion mutant has low PE, intense ER stress, and a slight growth defect compared to wildtype cells. 6 When a-synuclein is expressed in these PE-deficient cells, a-synuclein 
the level of PE through the Kennedy pathway, which eliminated these various defects due to initially low PE. These findings were replicated in transgenic C. elegans worms in which a-synuclein was expressed in each of the worm's 6 dopaminergic neurons. Such worms exhibit a gradual age-dependent loss (t 1/2 D 3.6 d) of the dopaminergic neurons due to the expression of a-synuclein. RNAi depletion of psd-1 in neurons that express a-synuclein accelerated the age-dependent cell loss (t 1/2 D 2.3 d), whereas RNAi depletion of psd-1 in neurons lacking a-syn expression did not affect cell loss over time. Ethanolamine rescued cell loss due to the expression of a-synuclein in the neurons with psd-1 depleted (t 1/2 D 7.9 d). Ethanolamine even rescued the age-dependent degeneration that occurs in worms that express a-synuclein but without RNAi depletion of psd-1. Such a result suggests that aging worms have a deficit of neuronal PE. Given that stimulating PE synthesis through the Kennedy pathway ameliorates a-synuclein toxicity in worm neurons, we asked whether the Kennedy pathway might be associated with other neurological diseases.
Failure to Synthesize PE from Ethanolamine Causes Seizures in Flies
A class of Drosophila mutants that exhibit a "transient paralysis following a brief mechanical shock" was identified in a behavioral screen and reported in 1971. 7 One of these mutants was called easily shocked (eas). Subjecting eas flies to a brief mechanical shock (bang or vortex) triggers a transitory seizure that persists for several seconds, but then the flies recover. Tanouye and colleagues later characterized the eas mutant and showed that the paralytic phenotype was due to a mutation in the gene for ethanolamine kinase, 8 which phosphorylates ethanolamine to yield phosphoethanolamine (Fig. 1) . Biochemical analysis of whole fly lipid extracts showed that the eas flies lacked ethanolamine kinase activity and had a deficit of PE compared to wild type flies. Low PE in the eas mutant might cause membrane leakiness or decrease ion channel activity, which in either case leads to the transient paralytic phenotype. We suggest that chronically low PE in the membranes of the endoplasmic reticulum will likely lead to chronic stress in this compartment, which, over time, can lead to neuronal failure. Table 1 shows the effects of low PE on different organisms.
Mutated Lipid Metabolism Genes Associated with PD and Epilepsy
If lipid disequilibrium is indeed a problem for PD and/or epilepsy, then one would expect that lipid-related genes would be identified from sequencing studies. Mutations in FASN (fatty acid synthase) and PLCB1 (phospholipase C isoform b1) were recently identified from a small number of individuals with a severe form of childhood epilepsy. 9 Mutations in GBA (codes for enzyme that cleaves glucose from glucocerebroside) have been linked to a higher risk of PD, 10 and single nucleotide polymorphisms in PLA2G6 (calcium-independent phospholipase A2) 11 and in SREBP-1 12 have been identified in large genome-wide association studies of individuals with PD. Curiously, the enzymes coded by PLCB1 and PLA2G6 degrade phospholipids to yield important lipid second messengers. While these sequencing results are tantalizing, clearly more sequencing needs to be done to establish whether mutations in lipid metabolism genes are significant risk factors for epilepsy and PD.
In conclusion, how a disruption in phospholipid homeostasis alters the function of the endoplasmic reticulum and how it triggers protein aggregation are relatively unexplored areas. A deeper understanding of the role of phospholipid homeostasis can come about from lipidomic profiling by mass spectrometry of postmortem brain tissue and from magnetic resonance imaging of the brain to detect phospholipid metabolites 13 combined with other imaging techniques to detect the proteins such as aggregated a-synuclein.
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